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® Process for formation of delta-doped quantum well field effect transistor. 

© A process for formation of a delta-doped quantum well field effect transistor is disclosed, and the transistor 
includes: a substrate, a super lattice, a buffer layer, quantum wells, a cap layer, and an ohmic layer. Then a 
drain, a source and a gate are formed on the ohmic layer. Each of the quantum wells is formed in such a 
manner that: a first GaAs layer is formed by applying a metalorganic chemical vapor deposition process under a 
low reaction pressure; then an Si impurity such as SiH4 or Si2H6 is delta-doped into the layer; and then, a 
second GaAs layer is formed by applying the metalorganic chemical vapor deposition process under the same 
condition, thereby forming the GaAs/AIGaAs delta-doped quantum well field effect transistor of the present 
invention, having the advantage of economy. 
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Field of the invention 

The present invention relates to a process for formation of delta-doped quantum well field effect 
transistor which can be widely used in high speed integrated circuits and in high frequency circuits, and 
5 particularly to a process for formation of delta-doped quantum well field effect transistor which is 
manufactured by applying a metalorganic chemical vapor deposition process (MOCVD), thereby obtaining a 
GaAs/AIGaAs delta-doped quantum well field effect transistor in an economical manner. 

Background of the invention 
70 ~ 

Conventionally, high speed GaAs/AIGaAs delta doped quantum well field effect transistors have been 
manufactured by applying molecular beam epitaxy process (MBE). Japanese Patent Application No. Sho- 
61-276269 discloses one of such GaAs/AIGaAs delta-doped quantum well field effect transistors which are 
formed by applying molecular beam epitaxy process. In this prior art, a delta-doped quantum well is formed 
75 on a region other than the channel, and a doped GaAs is used on the gate. With such an arrangement, not 
only the break-down voltage is lowered, but no other superior characteristics can be obtained in the field 
effect transistor. 

Another example of the prior art is the GaAs field effect transistor by A. Ishibashi et al, which is 
described in Electronics Letters, Volume 24, No. 16, pp1034, August 1988. In this GaAs field effect 

20 transistor which provides a gate length of 0.15 urn, there is obtained a maximum intrinsic transconductance 
of 400mS/mm which is a relatively high level. 

A still another example of the prior art is a field effect transistor proposed by E. F. Schubert et al, which 
is described IEEE volume 33, No. 5, pp625, May 1986. According to this proposal, the molecular beam 
epitaxy process is applied in such a manner that GaAs is doped in such a manner as to form an electronic 

25 concentration profile corresponding to Dirac delta function, thereby forming a field effect transistor. In this 
case, a high 2-dimensional electron gas (2 DEG), a high breakdown voltage and a high extrinsic 
transconductance can be obtained, thereby making it possible to obtain a high performance device. A still 
another case of the prior art is a field effect transistor by W. P. Hong et al, which is described in IEEE, 
volume 37, No. 8, pp1 924-1 926, August 1990. 

30 The molecular beam epitaxy process is applied in forming this transistor, and a maximum transconduc- 
tance of 160mS/mm, a gate voltage swing of 2.1V and a maximum drain current of 420 mA/mm are realized 
with a cap layer of 300 A and with a gate length of 1.3 urn. 

However, in the above described conventional techniques, the GaAs/AIGaAs quantum well field effect 
transistors are formed mostly by applying the molecular beam epitaxy process, and, if the molecular beam 

35 epitaxy process is to be carried out, an ultra high vacuum of below 10 -11 torr has to be provided, with the 
result that the economy and productivity of the manufacturing process are aggravated. 

Summary of the invention 

40 The present invention is intended to overcome the above described disadvantages of the conventional 
techniques. 

Therefore it is the object of the present invention to provide a process for formation of a GaAs/AIGaAs 
delta-doped quantum well field effect transistor for use on high speed and high frequency circuits, in which 
there is applied a metalorganic chemical vapor deposition process that can be easily put to the practical 
45 use, thereby obtaining more superior characteristics over that of the conventional GaAs/AIGaAs quantum 
well field effect transistors. 

According to the present invention, the growth of the crystal of GaAs/AIGaAs is carried out at a 
temperature of 650-750 *C, so that the delta-doping profile should not be broadened, but a high quality 
crystal should be formed. 

so If the crystallization temperature is below 650 'C, a high quality crystal can not be produced, while if it 
is over 750* C, the doping profile is broadened, thereby making it unsuitable for electronic devices. 

Meanwhile, the thickness of the quantum well should come preferably within a range of 100-200A. If the 
thickness of the quantum well is less than 100A, the carrier confinement is aggravated, while if it is over 
200 A, the quantum effect is reduced. 

55 The cap layer of the AlGaAs layer should have a thickness of 100-500 A, with which the dispersion of 
the delta-doping profile can be reduced to the minimum, and a maximum transconductance can be 
obtained. If the thickness of the cap layer is less than 100 A, a tunneling effect appears so as for the 
characteristics of the device to be deteriorated. Meanwhile, if it is over 500 A, although the distance 
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between the gate and channel can be adjusted through a recessing process, the source-drain resistance is 
increased, and the doping profile is broadened, thereby deteriorating the characteristics of the device. 

During the delta doping, the Si doping range within the GaAs layer is made to be 2 - 7 X 10 12 /cm 2 by 
using an n type impurity such as SiH4 or Si2H6. During the Si doping, the dopant electron concentrations 
5 are adjusted by adjusting the SiH4 or Si2H6 doping time. Further, the boundary surfaces should be abrupt 
and the thickness has to be adjustable. 

Brief description of the drawings 

10 The above object and other advantages of the present invention will become more apparent by 
describing in detail the preferred embodiment of the present invention with reference to the attached 
drawings in which: 

Figure 1 is a vertical sectional view showing the constitution of the field effect transistor according to the 
present invention; 

75 Figure 2 is a graphical illustration showing the characteristics of the current as against the drain-source 
voltage for the field effect transistor according to the present invention; 

Figure 3 is a graphical illustration showing the measured values of extrinsic transconductance and drain 
current as against the gate voltage for the field effect transistor of the present invention; 
Figure 4 is a graphical illustration showing the voltage-current characteristics of a Schpttky diode 
20 manufactured according to the present invention; 

Figure 5 illustrates a delta-doping profile of the quantum well of the field effect transistor according to the 
present invention; and 

Figure 6 illustrates current and power gains as against frequency for the field effect transistor of the 
present invention. 

25 

Description of the preferred embodiment 

Figure 1 is a vertical sectional view of the GaAs/Al 0 . 3 Gao.7As delta-doped quantum well field effect 
transistor of the present invention, which is-formed by applying a metalorganic chemical vapor deposition 

30 process, and in which a delta doping is carried out into a GaAs layer provided for passing electrons. 

A GaAs substrate 1 is cleaned by dipping it for 5 minutes into an ultrasonic bath using trichloro- 
ethylene, acetone and methanol in the cited order, i.e., by dipping it for 5 minutes respectively into these 
three kinds of chemicals, in order to remove organic foreign materials. Then the substrate 1 is etched by 
dipping it for 30 seconds into a solution composed of sulfuric acid, hydrogen peroxide and deionized water 

35 at a ratio of 4:1:1. The facility used for this process was a metalorganic chemical vapor deposition 
apparatus, and the flow rate was maintained at 6 standard liters per minute (SLM), while the pressure within 
the reaction vessel was maintained at 76 torr. 

A super lattice layer (S/L) 2 is formed on the substrate 1, and this super lattice layer 2 is put into a 
reaction vessel into which trimethyl gallium (TMG) and trimethyl aluminum (TMA) are put in the amount of 

40 5.8 seem and 4.8 seem respectively, and into which arsine gas (AsH3) is put in the amount of 0.3 SLM. 
Thus the layer 2 is grown so that a super lattice 50A of GaAs and a super lattice of .50A of AI0.3Gao.7As 
should be formed by 20 periods. During this process, the growth rates were 5A/sec for GaAs, and 6.4A/sec 
for AIGaAs. 

An undoped AIGaAs buffer layer 3 is formed upon the super lattice layer 2, and, for this buffer layer 3, 
45 trimethyl gallium and trimethyl aluminum are used in the amount^of 5.8 seem and 2.5 seem respectively. 
During the formation of this layer 3, the growth rate was 5.3 A/sec for AIGaAs, and the process was 
continued for 31 minutes to grow 10000 A of the AIGaAs layer. 

A first GaAs quantum well 4 is formed on the buffer layer 3, and this quantum well 4 is subjected to a 
formation process for 15 seconds using 5.8 seem of trimethyl gallium, thereby growing it to 75 A. Then a 
50 valve for trimethyl gallium is locked, and instead, a valve for SiH4 or Si2H6 is opened, thereby performing a 
delta doping of an n type impurity into the first GaAs quantum well 4. Before and after the implementation 
of the process, discharges are carried out for 15 seconds and for 7 seconds respectively. 

Into the first quantum well 4, an Si delta doping is carried out by applying the metalorganic chemical 
vapor deposition process, and then, a second quantum well 5 is grown under the same condition as that of 
55 the first quantum well 4. 

An AIGaAs cap layer 6 is formed upon the second quantum well 5, by growing it for 56 seconds using 
5.8 seem and 2.5 seem of trimethyl gallium and trimethyl aluminum respectively. The growth rate for this 
layer is same as that of the buffer layer 3, and therefore, the cap layer 6 is formed in a thickness of 300 A. 
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Thereafter, in order to reinforce an ohmic contact, a GaAs ohmic layer 7 is formed on the cap layer 6 in a 
thickness of 20 A. During the formation process, the amount of trimethyl gallium used is 5.8 seem, and the 
growing time is 4 seconds. 

Meanwhile, in the above described process, trimethyl aluminum was contained in a thermostatic oven at 

5 a temperature of 20 *C, while trimethyl gallium was contained in a thermostatic oven at a temperature of 
-10* C. Further arsine was diluted with hydrogen to 10%, and monosilane was also diluted with hydrogen to 
100 ppm, while the growth temperature was 700 - 750 *C. Particularly, when the reactor temperature was 
raised and lowered, if the reactor temperature was over 400 • C, 200 seem of AsH3 was let to flow over the 
sample 1 in order to prevent the decomposition of the surface of the sample 1. 

w Table 1 below shows the amounts of the various gases, growing time and growing temperature. 

Table 1 
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Now the process for formation of the field effect transistor will be described. 

The isolation of the device is achieved by carrying out a mesa etching and by forming an undoped 
layer having a low impurity concentration. The mesa etching process was carried out by using a UV contact 
aligner in such a manner as to form a device pattern, and by carrying out an etching by means of a 
composite solution of phosphoric acid, hydrogen peroxide and deionized water (mixed at a ratio of 1:1:25) 
for 12 seconds, thereby etching away about 700 A. 

Thereafter, a source-drain forming process is carried out in such a manner that, first the photoresist is 
removed, then a source-drain pattern is formed by means of a photo mask, and then,^ metals are ^deposited 
by applying thermal deposition process successively in the order of AuGe (1200 A), Ni(350 A) and Au 
(1500 A). Then the metals are let to be left on the required portions by carrying out a lift-off process, and 
then, a heat treatment is carried out for 30 seconds at a temperature of 430 * C. 

Thereafter, a gate forming process is carried out to form a gate pattern of 2 urn using a gate photo 
mask and a contact aligner, and then, a gate recess is formed by dipping it into a solution of phosphoric 
acid, hydrogen peroxide and deionized water (mixed at a ratio of 3:1:50). Then a wash is carried out using 
deionized water, and then, a drying is carried out using nitrogen. 

Then the resultant stuff is dipped into a solution of ammonium hydroxide and deionized water (mixed at 
a ratio of 1:15), is dried using nitrogen, and then, is put into a metallization apparatus in order to carry out a 
deposition of Au up to a thickness of 0.3 urn. Then a lift-off process is carried out, thereby completing the 
formation of the final delta-doped GaAs/Al 0 . 3 Gao7As quantum well field effect transistor of the present 
invention. 

The current characteristics as against the drain-source voltage of the field effect transistor fabricated in 
the above described manner are illustrated in Figure 2, while its drain current and transconductance 
characteristics as against the gate voltage are illustrated in Figure 3. 

As seen in these drawings, when the length of the gate of the field effect transistor is 2 urn, the 
transconductance is 190 mS/mm, and the variation range of the gate voltage is 2.5V, while the linearity of 
the drain current is very satisfactory. Particularly, the maximum drain current is 425 mA/mm, and this is an 
improvement of several score times that of the conventional GaAs field effect transistors. 

Figure 4 graphically illustrates the voltage-current characteristics of the Schottky diode having a 
GaAs/AI 0 .3Gao.7As delta-doped quantum well according to the present invention. 

Figure 5 graphically illustrates the measured capacitance-voltage characteristics of the delta doping 
profile for the delta-doped GaAsZAI0.3Gao.7As quantum well structure of the present invention. Here, the full 
width at a half maximum of the Si delta-doped layer is so narrow as 43 A. 

Figure 6 graphically illustrates the current gains and power gains as against the frequency for a 2 urn X 
100 urn delta-doped GaAs/Alo. 3 Gao. 7 As quantum well field effect transistor according to the present 
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invention. 

According to the present invention as described above, a high speed and high performance delta-doped 
GaAs/AIGaAs quantum well field effect transistor can be formed within a low pressure reaction vessel by 
applying a metalorganic chemical vapor deposition process. Therefore, the field effect transistor of the 
5 present invention has an advantage of economy and other superior characteristics compared with the 
conventional delta-doped quantum well field effect transistors which can be fabricated only under an ultra 
high vacuum, therefore, if the transistor of the present invention is applied to a super large computer, an 
ultra high speed large capacity data processing apparatus can be built. 

10 Claims 

1. A process for formation of a delta-doped quantum well field effect transistor including: steps of forming 
a substrate, a super lattice, a buffer layer, quantum wells, a cap layer and an ohmic layer, all said 
layers being formed in the cited order; and steps of forming a source, a drain and a gate on said cap 

75 layer and on said ohmic layer by applying metallization and lift-off processes, 
the step of forming said quantum well further comprising: 
sub-step of putting trimethyl gallium and arsine into a reaction vessel; 

sub-step of forming a first GaAs quantum well by carrying out a metalorganic chemical vapor 
deposition process; 

20 sub-step of doping an Si impurity into said first quantum well; and 

sub-step of forming a second quantum well by putting trimethyl gallium and arsine into said 
reaction vessel under the same condition as that of said first quantum well. 

2. The process for formation of a delta-doped quantum well field effect transistor as claimed in claim 1, 
25 wherein said metalorganic chemical vapor deposition process is carried out at a temperature of 650 - 

750 *C. 

3. The process for formation of a delta-doped quantum well field effect transistor as claimed in claim 1, 
wherein the combined thickness of said first and second quantum wells comes within a range of 100 - 

30 200 A. 

4. The process for formation of a delta-doped quantum well field effect transistor as claimed in claim 1, 
wherein the impurity for being Si-delta-doped into said first and second quantum wells is SiH4. 

35 5. The process for formation of a delta-doped quantum well field effect transistor as claimed in claim 1, 
wherein the impurity for being Si-delta-doped into said first and second quantum wells is Si2H6. 

6. The process for formation of a delta-doped quantum well field effect transistor as claimed in claim 1, 
wherein the delta-doping range is 2 -5 X 10 12 /cm 2 . 

7. The process for formation of a delta-doped quantum well field effect transistor as claimed in claim 1, 
wherein, before and after carrying out the delta doping, discharges are carried out for 15 seconds and 
for 7 seconds respectively under a pressure of 76 torr. 
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FIG. 1 
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